Introduction
Angiotensin (Ang) IV (angiotensin [3] [4] [5] [6] [7] [8] , an endogenous peptide formed from the metabolism of Ang II by the sequential actions of aminopeptidases A and N, binds to an insulinregulated amino peptidase (IRAP) which is known as oxytocinase but which also cleaves vasopressin, and other biologically active peptides such as Ang III. 1 Ang IV inhibits this enzyme, 2 an effect which may mediate its biological activity, although other transduction processes may exist, 3 The IRAP/Ang II type 4 receptors (AT 4 -receptors) have been clearly identified in the brain in areas distinct from those possessing AT 1 and AT 2 -receptors, and also in the adrenal gland, heart, thymus, kidney, bladder and aorta. 4 The biological roles of Ang IV and IRAP/AT 4 -receptors are unresolved although there is evidence that they are important in learning and memory, for example Ang IV enhances learning and memory in rats, 5, 6 and reverses the detrimental effects of scopolamine and mecamylamine on cognition. 6, 7 The situation in mice is, however, complicated by the demonstration that the behavioural effects of Ang IV, administered peripherally, are strain dependent. 8 The detailed mechanism of action of Ang IV is unknown although it has been seen to potentiate the release of acetylcholine from rat hippocampal brain slices 9 and its effects on memory can be prevented by blockade of dopaminergic activity. 10 Due to its inhibition of oxytocinase, however, one possible mechanism of action of Ang IV would be by perturbation of the effects of oxytocin (OT) which has dose-dependent actions on learning and memory.
In rats, subcutaneous (s.c.) doses of 0.09-6.0 ng/kg-1 improve social memory i.e. recognition of conspecific animals 11, 12 as do doses of 3-6 ng/kg -1 when administered intraperitoneally (i.p.). 13 That OT is inherently involved in this form of memory is demonstrated by the fact that in OT-knockout mice there is a deficit in social memory which can be restored by intracerebroventricular (i.c.v.) OT 1 pg.
14 In normal animals, however, higher doses of OT disrupt memory with 0.1-13.5 μg/kg -1 s.c. and 1 fg-10 ng i.c.v. reducing social memory; 12, 15, 16 1-3 ng i.c.v. and or 6-18 μg/kg -1 s.c. reducing passive avoidance; 17,18 2-10 μg injected directly into the forebrain (nucleus basalis of Meynert) reducing spatial memory 19 and 1 μg/kg -1 i.p. reducing learned helplessness in rats. 20 In mice 1-3 μg/kg -1 s.c. similarly reduces conditioned avoidance 21 and 250-1,000 μg/kg -1 reduces learned helplessness. 22 It is thus apparent that rats and mice show similar behavioural and cognitive responses to OT and that high and low doses of OT appear to elicit opposite effects with peripheral doses in the ng/kg -1 range enhancing learning and memory whereas doses in the μg/kg -1 range cause a reduction. Prediction of the behavioural outcome of an effect of Ang IV on oxytocinase is therefore doi:10.3317/jraas.2007.016
problematical. Inhibition of oxytocinase might be expected to elevate the low endogenous concentrations of OT, and therefore potentiate learning and memory, or conversely, excessive elevation of endogenous OT might inhibit learning and memory. An added difficulty is the demonstration that prior administration of a protease inhibitor prevents the effects of OT on learned helplessness 23 and that some metabolic products of OT have much greater effects on passive avoidance than the parent hormone, 16, 24 effects which have been interpreted to indicate that it is the metabolites, rather than OT itself, which modulate memory and learning.
The aims of this study were to investigate
• whether Ang IV can influence the actions of OT in vitro;
• whether the lack of behavioural response to Ang IV in some strains of mouse could be due to inherent deficiency of OT;
• whether Ang IV influences learned helplessness, a previously unstudied form of memory for this peptide.
Materials and methods
The effects of Ang IV and OT, alone or in combination, were studied in rat isolated uterine smooth muscle and in the object recognition and learned helplessness paradigms in mice.
Animal husbandry
Mature, female Wistar rats, obtained from Charles River and weighing 230-260 g and mature, male BKW albino mice, obtained from B & K Universal Ltd, Hull and weighing between 27-42 g, were used throughout. Rats and mice were kept in separate rooms, rats in groups of two to three and mice in groups of up to ten, at temperatures of 20-22°C at 50% humidity. Both species were exposed to a cycle of 14 hours dark and ten hours light, with the lights going on at 0700 hours. Food and water was continuously available and the mice were acclimatised to their surroundings for at least two weeks before the experiments began. Behavioural experiments were conducted between 1000-1500 hours.
All behavioural experiments were licensed under the UK Scientifc Procedures (Animals) Act, 1986.
Contractile responses of rat isolated uterine smooth muscle
For determination of contractile responses to Ang IV and OT, uterine smooth muscle was suspended in De Jalon's solution at 32°C and under a resting tension of 1 g. Isotonic contractile responses to Ang II (10 -11 -10 -8 M), Ang IV (10 -12 -10 -6 M) and OT (10 -14 -10 -8 M) were recorded using an eight minute dose cycle and 30 seconds contact time. For each tissue results were expressed as a percentage of the contractile response to 10 -6 M Ang IV. The angiotensin AT 1 -receptor antagonist losartan (10 -8 and 10 -7 M) was used to characterise the site of action of Ang IV. The experiment was repeated four times.
For each animal, stage of oestrous cycle was determined by microscopic assessment of vaginal epithelial cells obtained by vaginal lavage with normal saline immediately post-mortem.
Object recognition
Object recognition was determined in mice using a variation of the method previously described for rats by Braszko et al. 25 Mice were placed into an open field (34 x 60 cm), the floor of which was marked with a 3 x 6 grid and in which two identical solid, impermeable objects were positioned at one end of the field, each 10 cm from the adjacent walls. Mice were allowed to explore the area for three minutes. One hour later they were again exposed to the same open field and objects, which had been cleaned thoroughly with 50% ethanol, for three minutes. After 24 hours the mice were again exposed to the cleaned field containing one of the original objects and a novel (different size, shape and colour) object. Time spent exploring each of the objects was recorded over three minutes, as was locomotor activity (line crossing). Learning (D score) was quantified as the proportion of time spent exploring the novel object compared with the familiar object, taking into account possible confounding effects of changes in locomotor activity. The D score was calculated as (A-B)/(A+B) where A was the time spent exploring the novel object and B was the time spent exploring the familiar object. Drugs under investigation were administered immediately after the second training session. Experimental group sizes were ten.
Learned helplessness
Learned helplessness was assessed using a modification of the forced swim test first described for rats by Porsolt. 26 In this test mice were placed individually into a glass cylinder (diameter 15 cm) containing water at a temperature of 25°C and a depth of 14-16 cm. The animal was unable to escape or touch the bottom of the cylinder. For the first swim (seven minutes) no drugs or saline were administered. After a period of four days the same mice underwent a second, five minutes, forced swim one hour after subcutaneous injection of either saline or drug. Periods of immobility were timed from the outset for five minute periods. Experimental group sizes were seven to ten. For the forced swim test animals received either normal saline (10 ml/kg -1 ), Ang IV 0.50 mg/kg -1 , OT 0.25 mg/kg -1 or 0.50 mg/kg -1 or Ang IV 0.50 mg/kg -1 coadministered with OT 0.25 mg/kg -1 (10 ml/kg -1 ) subcutaneously.
Drugs and chemicals

Data analysis
For the studies in vitro, contractile responses were normalised for each tissue by expressing them as a percentage of the response induced by 10 -6 M Ang IV. Results are then expressed as group means plus and minus standard error of the mean (SEM). Drug effects were compared using one-way analysis of variance (ANOVA) followed by Dunnett's test.
For the behavioural studies, parallel saline control groups were run for different experimental sessions and analysis of variance was used to confirm the lack of inter-session variation in results obtained before pooling of the control data. Data were tested for normality using the Kolmogorov-Smirnov test and are expressed as mean+(SEM). Results from experimental groups were compared using analysis of variance followed by Dunnett's test.
For all tests a probability of 0.05 or less was taken to indicate a significant difference between groups. 
Results
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contractile response to OT (p=0.002, ANOVA), but pre-treatment of the tissue with 10 -10 M OT 30, 60 or 120 seconds before addition of 10 -6 M Ang IV had no significant effect of the response to Ang IV (figure 2).
Object recognition
Neither Ang IV nor OT, alone or in combination, had any significant effect on object recognition D score ( figure 3 ).
Locomotor activity
Neither Ang IV nor OT, alone or in combination, had any significant effect on locomotion in the object recognition test (figure 4).
Learned helplessness
As shown in (figure 5), OT (0.25 mg/kg -1 ) caused a significant reduction in the duration of immobility in the forced swim test (p=0.028 ANOVA; Dunnett's test, p=0.013). There were no significant effects of OT (0.5 mg/kg -1 ) nor Ang IV, and Ang IV appeared to reverse the effect of 0.25 mg/kg -1 OT.
Discussion
The results in vitro indicated that Ang IV and OT both caused contraction of uterine smooth muscle. OT produces its effects via the specific OT receptor which is a G-protein coupled receptor which utilises inositol triphosphate/ diacylglycerol second messengers; Ang IV could be acting via its specific insulin-regulated aminopeptidase (IRAP) binding site (see Introduction), or possibly via the AT 1 -receptor, which like the OT receptor, is G-protein coupled and utilises the same second messengers. Blockade of responses to Ang IV by losartan, the selective AT 1 -receptor antagonist, demonstrates that Ang IV is at least partially acting via AT 1 -receptors, although it should be noted that the concentration of losartan required to induce a total blockade is higher than that required to abolish a similarsized response to Ang II. The contractile responses to Ang IV thus probably involve receptors other than AT 1 -receptor. Importantly, Ang IV enhances the contractile responses to OT long after the initial Ang IV-induced contraction has subsided. These results probably reflect inhibition of oxytocinase by Ang IV rather than any mechanical interaction as OT did not enhance the effects of Ang IV.
Our previous, studies have shown that Ang IV, at a dose of 0.5 mg/kg -1 , s.c., is able to enhance object recognition 24 hours after the initial training in DBA 2 mice. 8 In the current study in BKW mice, neither OT nor Ang IV had any significant effect in the object recognition test. This result for Ang IV replicates our earlier findings in this strain of mouse, 8 and indeed these strain differences have been replicated more 
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recently in our laboratory; the finding for OT is novel/previously unpublished. Importantly the finding that the combination of Ang IV and OT is without effect suggests that the lack of effect of Ang IV on object recognition in this strain of mouse is not due to a deficiency in endogenous OT, although it could be due to the specific strain being refractory to this behavioural effect of OT. This latter suggestion is contradicted by the finding that OT decreases immobility in the forced swim test, indicating decreased learned helplessness. That OT 0.25 mg/kg -1 s.c. is amnesic in the test of learned helplessness, but not in the object recognition test demonstrates the different processes underlying these forms of memory but also confirms that BKW mice are responsive to the behavioural effects of OT and that OT is able to produce a behavioural effect at this dose and via this route.
Ang IV alone was ineffective in the forced swim test but abolished the effect of OT. Although it has yet to be proven that the AT 4 -receptors of the uterus are identical to those of the brain, based on the earlier results in vitro and in vivo this apparent antagonism of OT by Ang IV is unlikely to be behavioural nor pharmacological antagonism but could involve inhibition of oxytocinase. As outlined in the introduction, prior administration of a protease inhibitor prevents the effects of OT on learned helplessness 23 suggesting that it is the metabolites, rather than OT itself, which modulate memory and learning, the current results therefore suggest that Ang IV is able to inhibit oxytocinase in vivo, and that this effect underlies its ability to abolish the effect of OT in the forced swim test. It should be remembered, however, that IRAP is also involved in metabolism of other peptides such as vasopressin, Ang III, metenkaphalin and somatostatin, thus other possible mechanisms of action exist. Interpretation of these results is also slightly confused by the finding that the higher dose of OT alone is less effective at reducing immobility than the lower dose, possibly due to a 'bell-shaped' dose-response curve for the effects of OT on learned helplessness. If the dose-response curve is 'bell-shaped' it is possible that the reversal of the effect of OT on learned helplessness by Ang IV reflects an enhancement of OT activity. Both interpretations could suggest a behavioural effect of Ang IV consequent to inhibition of oxytocinase.
Conclusions
This study has shown that Ang IV can influence the actions of OT in vitro and in vivo, possibly by inhibition of oxytocinase. It has demonstrated that Ang IV alone has no effect on learned helplessness in the forced swim test, an effect often used to predict potential antidepressant efficacy in Humans; and it has raised the possibility that the strain-specific lack of effect of Ang IV on object recognition in BKW mice may reflect an underlying refractoriness to the behavioural effects of OT. 
